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We show that antiferromagnetism in lightly (~ 8 %) Sn-doped Celns terminates at a critical 
field ^iqHc = 42 ± 2 T. Electrical transport and thermodynamic measurements reveal that the 
effective mass m* does not diverge, suggesting that cubic Celna is representative of a critical spin- 
density wave (SDW) scenario, unlike the local quantum critical points reported in lower-symmetry 
systems such as CeCug-xAuj; and YbRh2Si2-a;Ge2:. The existence of a maximum in m* at a lower 
field /io-ffx = 30 ± 1 T may be interpreted as a field-induced crossover from local moment to 
SDW behavior as the magnitude of the antiferromagnetic order parameter falls below the Fermi 
bandwidth. 
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When the Neel temperature of an antiferromagnet 
is tuned to absolute zero at a quantum critical point 
(QCP), the uncertainty principle leads to a divergence 
in the characteristic lengthscale of the fluctuations of the 
staggered- moment order parameter ^' Q. In itinerant 
d- or /-electron antiferromagnets, strong on-site corre- 
lations often cause the renormalized Fermi bandwidth 
/cbT* to become comparable to the Neel temperature T/v- 
A potential locally critical scenario arises in which the 
extent to which the d- or /-electrons locally contribute 
charge degrees of freedom to the Fermi liquid becomes 
subject to fluctuations at the QCP 0,0 ■ Their effective 
localization is conditional upon the inequality T/v > T* 
being satisfied 4], necessitating T* — > at the QCP as 
depicted in Fig.^. Several /-electron antiferromagnets, 
including CeCu6_:,Au:, d ||, YbRh2Si2-:,Ge:, and 
CeRhIn5 jj, appear to provide examples of such behav- 
ior as function of pressure p, magnetic fleld H or chemi- 
cal substitution x. However, no experiment has yet been 
able to gauge the extent to which local criticality requires 
the spin fluctuations to be two-dimensional (2D) 
Were this an absolute requirement, the unambiguously 
three-dimensional (3D) spin fluctuation spectrum of cu- 
bic Celn3 should then provide the essential /-electron 
counterexample to local criticality In such a case, 

one might expect a quantum critical spin-density wave 
(SDW) scenario to prevail in which T* remains finite 
at the QCP as depicted in Fig. 

In spite of Celns being one of the two original /- 
electron antiferromagnets in which non-Fermi liquid be- 
havior and superconductivity were reported together un- 
der pressure |lO|, the comparatively large Neel tempera- 
ture (Tn ~ 10 K) requires rather extreme experimental 
conditions for its complete suppression; i.e. Pc ~ 25 kbar 
and fioHc « 61 T 0|. Neither the steep gradient dT^/dp 
at large p ^3 nor the use of pulsed magnetic fields for 
PlqH > 45 T are amenable to precision tuning of the 
temperature dependent electrical resistivity p{T) or di- 
rect measurements of the specific heat Cp [T) . Prior stud- 
ies 0, 0, 0| had therefore been unable to determine 
the applicable scheme in Fig. ^ 
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FIG. 1: Schematic of antiferromagnetic quantum criticality 
tuned at g = (7c according to (a) the locally critical scenario 
and (b) the SDW scenario, where T represents the tempera- 
ture scale respectively. The dotted line at g^ in (b) separates 
regions where the antiferromagnetism is predominantly local 
moment-like and SDW-like. The parameter g can correspond 
to p, H or X, depending on the system. 



In this paper, we utilize the fact that Sn-substitution 
of only ~ 8 % of the In sites in Celnp (yielding 
CeIn2.75Sno.25) reduces Tn to « 6.4 K [ij, [ig so as 
to enable quantum criticality of the same type II an- 
tiferromagnetic phase as in pure Celna to be tuned by 
static magnetic fields fioH < 45 T. This also enables 
us to avoid the technical difficulties associated with per- 
forming Cp(T) and magnetization Mz{H) measurements 
in combined high pressure, strong magnetic field condi- 
tions. Sn modifies the electronic structure by reducing 
the separation between the Fermi energy and the core 
4/-electron level, pushing this system further towards 
mixed valence |l6l |. Prior measurements on single crys- 
talline pure Celns had shown Tn {H) to be independent of 
the orientation of H , enabling the use of polycrystalline 
samples. Polycrystalline Celna.a-Snj, buttons with con- 
centrations < a; < 0.75 are prepared by arc melting 
the appropriate quantities of 99.9, 99.999 and 99.9999 % 
pure Ce, Sn and In respectively, with 5 further arc melts 
performed after flipping the button between melts for 
the purposes of homogenization. Samples cut from this 
button have p(T) and Cp(T) behaviors reproducing those 
obtained by Pedrazzini et al. 131. In-situ Cp{T) and p{T) 
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measurements on well characterized samples are then ex- 
tended to fields /io-ff < 45 T at temperatures T > 1.5 K. 

Figure |21 shows the T, H phase diagram of 
CeIn2.75Sno.25 extracted from the raw Cp{T)/T and 
p(T) data presented in Figs. and b respectively. 
The transition at Tn corresponds to a minimum in 
d{Cp{T)/T)/dT (o symbols), which can be further 
identified with a minimum in dp(T)/dT in Fig. 
(□ symbols) for ii[)H < 30 T. An empirical fit of 
7n = Tn,o(1 - (H/Hc)^) to the o and □ data points 
in Fig. yields ^io^^c = 42 ± 2 T. The presence of 
an anomaly in Cp{T)/T at 35 T and its absence at 
45 T are consistent with the above estimate for He- 
Several factors make the present data set consistent 
with the transition remaining of 2"'^ order as He- 
These include the vanishing magnitude of the anomaly 
in Cp{T)/T in Fig. E^t, the absence of a jump in the 
uniform magnetization Mz{H) at 450 mK in Fig.|3i and 
the rather shallow slope STn /dH of the phase boundary 
in Fig. 12 such that H^dT^/dH < p^dT^/dp jllj. 
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FIG. 2: (a) T,H phase diagram of CeIn2.75Sno.25 extracted 
from Cp{T) (o symbols) and p{T) data (□ symbols) as de- 
scribed in the text, with the grey region represents the an- 
iterromagnetic (AFM) phase under the fitted Tn = ?n,o(1 — 
(H/Hc)^) curve. A symbols delineate maxima in dp/dT 
which are approximately representative of the Fermi band- 
width T* in the paramagnetic (PM) region. Green circles 
represent A~^^^ in the low temperature limit T <C T* . The 
red dashed line represents He, while the blue dotted line is 
1/x' = dH/dM approximately determined from Mz{H) after 
smoothing and rescaling. AH other lines are spline fits be- 
tween data points, (b) The equivalent phase diagram versus 
p instead of H using the available data of Knebel et al. Il2l . 
Here the A symbols represent T* after Kawasaki et al. 

The limiting value of Cp{T)/T as T ^ provides an 
estimate of the coefficient 7 that accounts for the elec- 
tronic contribution jT to Cp(T). It is immediately ap- 
parent from the raw Cp{T) jT data shown in Fig.|2^ that, 
in ageement with the SDW scenario for a 3D system 0, 
7 does not exhibit any obvious signs of an emerging log- 
arithmic divergence at or near iJc- This is in stark con- 



FIG. 3: (a) Cp(T)/T raw data at selected magnetic fields H. 
(b) p{T) data at selected magnetic fields, (c) The differen- 
tial resistivity dp{T)/dT obtained after polynomial smooth- 
ing the raw p{T) data, (d) Magnetization of CeIn2.75Sno.75 
at 450 mK. The inset shows p{T) at 30 T plotted versus T^". 



trast to the case of the ff -tuned QCPs in CeCue-^Aua, 
and YbRh2Si2-a:Gea; Q. The present findings are nev- 
ertheless consistent with the absence of a divergence in 
m*{H,p) obtained from p-and 77-dependent dHvA ex- 
periments on pure Celna for H|| < 100 > [lllll7l lTi|. 

The electrical transport measurements presented in 
Fig. |3|d further support the absence of a divergence at 
He- Its derivative dp{T)/dT shown in Fig. O; yields a 
maximum at T* (or T*' for poH < 30 T) plotted in 
Fig.Et and an approximately linear region (« 2 AT where 
A oc m*^) for X <T* over which the Fermi liquid behav- 
ior p = pq + AT"^ appears to hold (a possible excep- 
tion being at « 30 T; see Fig.|3Jl inset and Fig.^). On 
fitting p = pq + AT'^ to these T < T* regions, A{H > H^) 
(solid circles) in Fig. can be seen to exhibit a qualita- 
tively similar behavior to A{p > pc) in Fig.^js measured 
by Knebel et al order to understand how the 

Fermi liquid develops as H —^ He and p — > Pc, it is in- 
structive to plot A"i/2(i7,p) (X 1/to* in Fig. |21 This 
can be seen to scale with T*{H) for H > He, as ob- 
served within the paramagnetic regime of other materi- 
als IE implying that T* approximately corresponds to 
the Fermi bandwidth. Both ^-^/^(iJ) and T*{H) also 
scale with 1/x'iH) for H > He in Fig. |2t, indicating 
that both the electrical transport and magnetization are 
consistent with a Fermi liquid comprised of partially po- 
larized quasiparticle bands. Were m*{H,p), j(H,p) and 
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A{H,p) actually to diverge, we would expect A{H,p)~^/'^ 
to vanish at He and Pc Instead, A~^/^ cx T* can be 
seen to vary in an approximately linear fashion with H 
and p, intercepting H ~ and p = p^ at a finite value 
in both Figs. [5^ and b. 
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FIG. 4: Coefficient A for CeIn3_2,Sna; estimated from 
dp{T)/dT. (a) shows A (filled green circles) estimated as 
a function of H for x — 0.25 and n = 2 with open circles 
showing estimates of An where n (open blue squares) is al- 
lowed to vary in order to facilitate a comparison with similar 
measurements under p. Spline fits are draw to quide the eye. 
(b) shows similar A data for a; = as a function of p obtained 
by Knebel et al. pj. 

Taken together, these findings imply that the quan- 
tum fluctuations of ^' have a similarly weak effect on 
the Fermi liquid properties at both pc in pure Celna 
and He in CeIn2.75Sno.25- Hence, while CeCue-aAua; 
YbRh2Si2-a;Gea; [3 and CeRhIn5 may be considered 
consistent with the local criticality picture in which the 
Fermi surface topology undergoes a dramatic change at 
the QCP 0, this clearly cannot be the case for Celna 
and CeIn2.75Sno.25- 

One unique advantage of the present H-tuned QCP is 
that the slope of the phase boundary as Tn — > in Fig.|3 
is sufficiently gradual as a function of H that we can 
continue to observe the proportionality between 
T* and x'~^ over a significant ~ 12 T wide interval in 
field below He- This continues until A~^^^{H) (rescaled 
in units of kelvin) intersects Tj^{H), whereupon they di- 
verge. The coincidence of the minimum in A{H)~^/'^ (or 
maximum in A) at (J-qH^ = 30 ± 1 T with the point on the 
phase diagram at which Tn ~ T* in Fig. ^ is strongly 
suggestive of its association with a crossover from SDW- 
like behavior to local moment-like behavior of the form 
depicted in Fig. Such a crossover would directly af- 
fect the degree to which the /-electrons contribute charge 
degrees of freedom to the Fermi liquid . 

Outside the antiferromagnetic phase, the /-electrons 
are hybridized with the conduction electrons giving rise 
to heavy Fermi liquid composed of renormalised quasi- 
particle bands that incorporate the /-electron charge de- 
grees of freedom |2lj[ . The on-site correlations weaken 



with increasing g (i.e. p or H), causing T* and 

all to increase. Provided T/v <C T*, a weak coupling 
SDW that gaps parts of the Fermi surface can form 0, Q 
with no significant change in the overall effect of the cor- 
relations on T* . To compute of the influence of a finite 
antiferromagnetic order parameter 4" on the quasiparticle 
bands, it is necessary to combine the effect of the on-site 
Kondo interaction with the K = Q (Q is the antiferro- 
magnetic wave vector) Bragg scattering produced by the 
underlying antiferromagnetic structure. 

At the local QCP depicted in Fig. T* vanishes 
precisely a.t g — gc because the Kondo screening is su- 
pressed by the magnetic interactions. The Fermi surface 
undergoes a large reconstruction accross the QCP since 
the development of antiferromagnetism inhibits the /- 
electrons from contributing charge degrees of freedom to 
the Fermi liquid 0, Q , possibly leading to the emergence 
of new Fermi liquid with a different (smaller) Fermi sur- 
face topology and a different characteristic T*' that now 
increases with decreasing g ^ (depicted in red in Fig.^). 
In the quantum critical SDW scenario depicted in Fig.^, 
however, the Kondo screening is not supressed at the 
QCP and the Fermi surface evolves smoothly across the 
phase transition. Should i?x correspond to in Fig.^^j 
the loss in proportionality between A~^^'^ and T*' for 
H < Hx can be explained as a consequence of the for- 
mer being determined for T -C Tn and the latter for 
T > Tn, with the Fermi surface topology being modified 
by only in the former case. Note that x'~^ departs 
from A^^^^ more strongly once H < H^, because it now 
includes the contribution to the susceptibility from the 
canted ordered moments. 

Our ability to infer fix =/= He in the present study stems 
from the fact that HcdT^/dH <C PcdT^/dp close to the 
QCP. More finely p-tuned NQR studies (l^ have recently 
shown that the lowest Fermi liquid temperature (equiva- 
lent to T*) occurs at a pressure that is w 0.75 kbar lower 
than Pc, suggesting also that px Pc- This observa- 
tion combined with the similar values ot A^^/^ at which 
A~^/'^{H,p) oc T*{H,p) intercepts Tn and the similar 
minimum 1.5 value of the exponent n (blue squares) 
obtained on fitting p — po + AnT" to the electrical resis- 
tivity data in Fig.0]suggests that the p- and 77-dependent 
QCP's are related. Both p and H lead to a gradual reduc- 
tion in the size of the staggered moment and monotonic 
increase in T* as the effect of the on-site correlations 
is suppressed. In the former case this is caused by an 
increase overlap between the /-electron orbitals while in 
the latter case it is caused by the progressive polarization 
of the /-electrons by the Zeeman interaction. 

The monotonic Mz{H) of Celna-j^Sn^; is yet another 
quality that can be attributed to its cubic symmetry. 
Magnetically anisotropic systems, by contrast, sometimes 
undergo an abrupt increase in the uniform magnetization 
(i.e. metamagnetism) at a characteristic magnetic field 
that is unrelated to antiferromagnetism 2^]. Sys- 
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terns that combine both antiferromagnetism and meta- 
magnetism tend to exhibit a more compUcated field- 
dependent behavior. CeRhaSij [H and UPdaAlg ^ 
are two examples of systems in which metamagnetism 
causes antiferromagnetism to terminate prematurely at 
i/ni owing to the fact that and ^' compete for the 
same spin degrees of freedom. 

In summary, we find that the light Sn-doping of 
Celns facilitates observation of a i7-tuned QCP at 
J?c = 42 ± 2 T, enabling p{T) and Cp{T) measurements 
to be performed in static magnetic fields ^qH < 45 T. 
Neither A^^/^, T* nor x'^^ collapse to zero at the QCP, 
indicating that the system continues to exhibit conven- 
tional Fermi liquid behavior as — > 0, suggestive of a 3D 
quantum critical SDW scenario as opposed to a locally 
critical scenario. We attribute the observation of a mini- 
mum m A-^/^ at a somewhat lower field = 30 ± 1 T 
to the fact that the Kondo screening is not supressed 
at the QCP. Correspondingly, T* continues decreasing 
until it crosses the antiferromagnetic phase boundary 
(T* = T/v). At that point, T*, now T*', starts to in- 
crease because the order parameter 4' becomes stonger 
when the magnetic field is reduced Fig. ^p. A bigger 
value of ^ leads to a weaker effective Kondo coupling 
between the /- and the conduction electrons. Similari- 
ties in the electrical transport behavior of CeIn2.75Sno.25 
at < He and Celna at Px < Pc 01 suggests that a 
similar QCP may be accessed in both cases. 

The possibility of universality in the H- and p-induced 
behavior warrants further investigations of pure Celna by 
means of electrical transport measurements under com- 
bined high H and p conditions. Realization of a situ- 
ation in which the maximum in m* and antiferromag- 
netic QCP occur at distinctly different pressures in Celna 
(i.e.px 7^ Pc in Fig.Q})) (Ij may provide a unique oppor- 
tunity to identify the key factors required to optimize 
unconventional supercnductivity [inj | . 
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